Hybridogenesis is an unusual form of reproduction that is found in hybrids between different species. It involves the selective transmission of one of the parental genomes, while the other one is renewed by mating with the corresponding species. It is seen as a form of sexual parasitism, in which the hybridogenetic genome gains a twofold transmission advantage and exploits the reproductive effort of another species.
Hybridogenesis was discovered in the late 1950s by Robert R. Miller and R. Jack Schultz in small fi sh of the genus Poeciliopsis from north-western Mexican streams. These fi sh attracted attention because entire populations consisted only of females, with apparently no males. In the absence of conspecifi c males, the females mated with males from a co-occurring sexual species (Poeciliopsis lucida) to reproduce. A decade later, the puzzle of the reproductive strategy of these all-female fi sh was solved. Researchers discovered that the females were the result of an ancient hybridization event between P. lucida and a second, closely related species, Poeciliopsis monacha. Even though they systematically mate with P. lucida males, which should lead to a largely lucida-like genome, the genome of the females looks like that of a fi rst generation hybrid between the two species. The hybrid composition is maintained because the females only transmit their maternal P. monacha genome to their eggs, discarding all P. lucida chromosomes in the process. In the offspring, the F 1 hybrid confi guration persists, because the eggs are fertilized via matings with P. lucida males ( Figure 1A) .
P. lucida males gain no benefi t from mating with hybridogenetic females, as their genome will be eliminated in their daughter's eggs and will not contribute to future generations. As a consequence, hybridogenetic females are often considered sexual parasites that exploit the reproductive effort of their sexual host. The term hybridogenesis was coined by Schultz in 1969 to describe Primer this novel reproductive mode. It is also commonly referred to as 'hemiclonal reproduction', to refl ect the fact that half of the genome -in our example, the maternal P. monacha one -is clonally transmitted between generations, while the other half -the paternal P. lucida one -is replaced in each generation. The term 'hybridogenesis' has sometimes been used to describe the generation of new species via hybridization. We concentrate here on the original meaning of hybridogenesis.
Distribution of hybridogenesis
Since its fi rst discovery in Poeciliopsis, hybridogenesis has been found in a diverse range of animals, including other fi shes, frogs, stick insects and ants. Reproduction in many of these species is similar to the situation in Poeciliopsis: hybrid females clonally transmit their maternal genome and fertilize their eggs via matings with males from their paternal ancestor. However, in some species, notably Hypseleotris fi sh and Pelophylax pool frogs, hemiclonal genome transmission occurs in males as well as in females.
In ants, hybridogenesis, referred to as 'social hybridogenesis', varies among species and differs from the originally described form. There are three types of social hybridogenesis. In the fi rst type, found in Cataglyphis hispanica, two genetically distinct lineages coexist. Both produce new queens by parthenogenesis (Box 1), males from unfertilized eggs (as is generally the case in ants), while workers are produced through hybridization between the two lineages. Although there is no genome elimination in this case, the result is similar to classical hybridogenesis: the maternal genome is always passed on to the next generation, while the paternal one is only transmitted to the sterile workers (the "soma" of the colony) and therefore does not contribute to future generations ( Figure 1B ).
In the second type of social hybridogenesis, found, for example, in the little fi re ant (Wasmannia auropunctata), new queens are also produced by parthenogenesis and workers via hybridization with a different lineage. The difference with the fi rst type is that one lineage contains only females, while the other contains only males. This is due to the latter being produced via androgenesis (Box 1).
Finally, the third type of social hybridogenesis differs more extensively from classical hybridogenesis, and is found, for example, in the genus Pogonomyrmex. Here, workers are also produced through hybridization between two lineages, but new queens are produced sexually, instead of via parthenogenesis, through withinlineage matings. While there is still only one type of genome transmitted to future generations, this genome is not asexually transmitted, which is expected to have a positive effect on the long-term persistence of this form of hybridogenesis. R10 Current Biology 29, R1-R15, January 7, 2019
To date, classical and social hybridogenesis have been reported in fewer than 20 animal genera ( Figure 2 ). It has not been found outside the animal kingdom yet. Several of these genera contain multiple, independently derived hybridogenetic lineages, created through repeated hybridization or host shifts. Although hybridogenesis is most likely rare overall, the currently known examples certainly represent only a small fraction of the extant hybridogenetic taxa. Most, if not all hybridogenetic systems were discovered serendipitously when researchers unexpectedly observed strongly biased sex ratios and extreme patterns of heterozygosity. With the increasing availability of genotyping methods for non-model organisms, the number of taxa being studied is growing. This is likely to lead to future discoveries of hybridogenesis and other unusual reproductive strategies.
The rise and fall of hybridogenesis
At fi rst glance, it might seem surprising that a reproductive mode as complicated as hybridogenesis can evolve. Selectively transmitting a specifi c parental genome that is then combined with the genome of a different species requires several modifi cations to classical sex and is certainly not the most parsimonious way to achieve reproduction. Whether hybridogenesis evolved from classical sex through multiple intermediate steps or whether it appeared suddenly via major-effect changes is unknown. Nevertheless, hybridization appears to play a key role, given that hybridogenesis is solely known in hybrids.
While the evolutionary origin of hybridogenesis remains elusive, it is easier to understand how it can spread in a population. By bypassing the standard meiosis roulette, which for each locus would generate a 50% chance of being transmitted, the hybridogenetic genome gains a transmission advantage, as it is being transmitted to 100% of the offspring. In addition to this transmission advantage, hybridogens are expected to enjoy benefi ts of their hybrid ancestry, including heterosis and the possibility of transgressive phenotypes (Box 1). Hybridogens could therefore quickly establish themselves among their sexual hosts.
The initial success of hybridogenesis is nonetheless double-edged. Hybridogens rely on their hosts for reproduction, and therefore have to co-occur with them. Inevitably, this leads to competition for space and resources.
Because of the transmission advantage, hybridogens are expected to rise in frequency at the expense of the hosts, ultimately supplanting them. With no hosts left, hybridogens cannot reproduce and may go extinct. Accordingly, many newly formed hybridogenetic complexes might be short-lived and go extinct before being noticed.
Are current hybridogenetic systems transient, or could there be factors maintaining them over longer evolutionary times? The answer is likely to be system-specifi c, but it is thought that some mechanisms contribute to the maintenance of hybridogens and their hosts in general. For example, ecological differences between the host and the hybridogens provide a possible explanation for extended coexistence. Thus, an incomplete niche overlap, whereby the hosts could thrive under conditions inhospitable for the hybridogens, could allow the hosts to persist. Assortative mating, whereby hosts tend to mate preferentially with conspecifi c females rather than with the hybridogens, can also contribute to maintenance of sexual species and hybridogens. Hybridogens could also switch to a different host when the primary one becomes rare. Finally, at least in Bacillus stick insects and some forms of social hybridogenesis, the combination of hybridogenesis with androgenesis (Box 1) is also likely to contribute to long-term persistence. In these insects, hybridogenetic females produce a low proportion of males through androgenesis. This can facilitate their maintenance, because it reduces the probability of sperm limitation.
The maintenance of social hybridogenesis is diffi cult to explain for most systems as well. In Cataglyphis hispanica, queens gain no benefi t from producing males. As males only father sterile worker offspring, they do not contribute any genes to future generations. Not producing males should therefore be benefi cial and spread in the population as the saved resources could be reallocated to producing more queens and workers. This would, however, cause the extinction of the co-dependent lineages since they rely on each other for worker production.
The prima facie success of hybridogenesis is further tarnished by the long-term detrimental effects of clonal transmission. Non-recombining genomic Aneuploidy: a deviation from the canonical number of chromosomes in a species, typically caused by non-disjunction at meiosis. Aneuploidy is usually lethal or strongly deleterious because it modifi es gene dosage.
Heterosis: also termed hybrid vigor; a fi tness advantage gained by hybrids over their parental species. This is generally due to heterozygosity advantages, where the fi tness of heterozygotes is higher than that of both homozygotes.
Muller's ratchet: the inevitable accumulation of mutations as a consequence of drift in small asexual populations. Because genomes with the lowest number of mutations can be lost by drift and mutation-free genomes cannot be recovered in the absence of recombination, the average number of mutations per genome is expected to increase over time, in a way that evokes the unidirectional notches of a ratchet.
Parthenogenesis: from the Greek parthenos, virgin, and genesis, creation, meaning reproduction without fertilization.
Transgressive phenotype: the appearance of extreme phenotypes in hybrids as compared to their parental species. This can be caused by overdominance, where the trait value in heterozygotes falls outside the range of both homozygotes. Adaptive transgressive phenotypes are thought to be the major force driving hybrid speciation.
Current Biology 29, R1-R15, January 7, 2019 R11 regions are expected to gradually accumulate deleterious mutations (for example via Muller's ratchet; Box 1). Such a build-up of deleterious mutations should result in the fi tness of the hybridogenetic genome decreasing over time, which may lead to its extinction. How long it would take until a fi tness decrease could become apparent is not clear, especially since the hybridogenetic genome is usually not in a homozygous state, but together with the genome of a host species. Observations in Pelophylax and Bacillus indeed suggest that hybridogenetic genomes harbour deleterious mutations, but that these are largely masked when in the heterozygous state.
The picture is different in Pogonomyrmex and Messor, which perform the type of social hybridogenesis that involves the production of new queens through intra-specifi c sexual reproduction. Unlike in Cataglyphis, ceasing to produce males is not benefi cial in these species, as males transmit their genes to new queens. In addition, the two co-existing lineages each use sperm from the other one for worker production. If one lineage increases in frequency, it will suffer from mate limitation for the production of new workers, which generates an advantage for the lineage that is rare. This negative frequencydependent selection enables the longterm maintenance of both lineages.
Proximal mechanisms of hybridogenesis
While the evolutionary mechanisms allowing for the spread and maintenance of hybridogenesis start to be reasonably well understood, there is little knowledge of the proximal mechanisms by which specifi cally only one of two available genomes is transmitted. The two genomes have to be distinguished somehow, and one genome has to be eliminated at some point during gametogenesis. This elimination needs to be both specifi c, because always the same genome is targeted, and complete, because all non-transmitted chromosomes have to be eliminated at once. Incomplete elimination would result in aneuploidy (Box 1), which is often lethal. Because hybridogenesis has evolved independently in the different species, the proximal mechanisms might vary among them. This further complicates their study, as conclusions from one system might not apply to another.
Conclusion
Hybridogenesis can be seen as a complicated solution to maintaining an F 1 hybrid genome. Hybrid ancestry can provide many advantages, including increased heterozygosity and the opportunity for evolutionary novelty through transgressive phenotypes (Box 1). However, it can also generate problems during sexual reproduction as extensive heterogeneity among chromosomes can prevent their proper alignment during meiosis. Hybridogenesis can also be seen as an extreme expression of intragenomic confl ict. In the future, it could fi nd applications in systems where maintaining F 1 genomes is desired, such as in agriculture. For sure, this extraordinary reproductive mode is a remarkable witness of the diversity of reproductive systems that exist in nature.
Many questions surrounding hybridogenesis remain, in particular concerning the proximal mechanisms of genome recognition and elimination. Understanding these mechanisms is relevant per se, but is also a necessary step towards understanding how a transition from sexual reproduction to hybridogenesis can occur.
